We present a quantitative experimental and theoretical study of the effect of numerical aperture (NA) on the Bragg diffraction from a dry polystyrene colloidal crystal. The diffraction peak parameters changed noticeably as the NA was increased from 0.017 to 0.5. The diffraction wavelength blueshifted 1.4% from 584 to 576 nm, and the normalized full width at half-maximum increased from 6.2% to 7.0%. These shifts occurred primarily for NA . 0.3 and agreed qualitatively with results predicted by a layered Korringa -Kohn -Rostoker method. Thus, by using focusing optics with NAs below 0.3, the diffraction response of lowphotonic-strength mesostructures may be compared with normal-incidence experimental and theoretical data.
1
Two-and three-dimensional periodic dielectric structures have been utilized in sensors, 2 -6 photonic bandgap materials, 7 -9 optical f ilters, 10 and waveguides. 10, 11 Many techniques have been employed to fabricate CCs, 12 permitting control of thickness, defect density, and crystallographic orientation. For a colloidal crystal with a fcc structure in which the (111) planes lie parallel to the substrate, the Bragg diffraction wavelength, l b , can be estimated as
where n i and f i are the refractive index and the volume fraction of each component phase, respectively; c is the angle between the incident beam and the sample normal; and a is the fcc lattice constant. 1 For touching spheres with diameter D, a p 2 D. It is often advantageous to collect diffraction spectra from small sampling regions of a CC, which can be conveniently accomplished by coupling a ref lection optical microscope to a spectrometer. Such a microspectrometer has been used, for example, to study micrometer-sized regions of photonic crystals 13, 14 and CC-templated hydrogels. 2 -5 Since the incident light is focused onto the sample, the CC is probed with a cone of light with a nonzero numerical aperture (NA), def ined as
where c max is the maximum half-angle of the cone of light and d c is the diameter of the cone measured at a distance h from the focal plane. Theoretical spectra calculated for such systems generally assume that the NA is negligible.
13,14
Here we present a combined experimental and theoretical study of the effect of the NA on the diffraction spectra from a CC.
The close-packed polystryrene (PS) CC was formed via a room-temperature dip-coating process.
15
A piranha-cleaned silica glass slide ͑12 mm 3 38 mm͒ was attached at one end to a syringe pump. The slide was vertically suspended in a 2% v͞v aqueous suspension of 244 6 8 nm sulfonated PS colloids (Interfacial Dynamics) and then withdrawn at a rate of 0.2 mm͞s for 16 h. The resulting dry CC contained crack-free domains of approximately 15 mm 3 15 mm [ Fig. 1(a) ]. The diffraction response was examined with a microspectrometer consisting of an inverted ref lection optical microscope (Zeiss) coupled via an optical fiber to a photodiode array spectrometer (Control Development). For NA , 0.3, Fabry -Perot interference fringes were evident [ Fig. 1(b) ]; from these, the CC thickness was determined to be 4.8 mm, 16 or ϳ24 layers of colloids. The theoretical ref lectance spectra at different incident angles c were calculated with the layered Korringa-Kohn-Rostoker (KKR) method, 17 which approximates the CC as a Bragg stack with spherical scattering conditions. For the calculation, a 20-layer stack of PS spheres ͑n 1.592͒ in air on a silica substrate ͑n 1.51͒ and c values of 0 ± -30 ± at 0.5 ± increments were used. Some of the resulting spectra are plotted in Fig. 2(a) . We examined the relationship between the background-subtracted signal from a front-silvered mirror and ͑1 2 cos c max ͒ and found it to be linear [ Fig. 2(c) ], indicating that the total f lux of the cone of light incident on the sample was proportional to its solid angle. 18 To construct the effective theoretical ref lectance spectra, we multiplied the spectra for each c by its corresponding normalized solid angle and then summed the weighted spectra. The resulting theoretical ref lectance spectra [ Fig. 2(b) ] exhibited peak shapes and NA dependence qualitatively similar to the experimental data [ Fig. 1(b) ]. Finally, the photonic band structure of an infinite CC was calculated in the GL direction (corresponding to fcc ͗111͘) with the plane-wave expansion (PWE) method [ Fig. 2(d) ]. 19 We then extracted various peak parameters from the spectra to make possible quantitative comparison between experiment and theory. The Bragg diffraction peak intensity ͑I b ͒ was normalized by subtracting a constant background intensity I bg from the ref lectance spectra and dividing the resulting maximum ref lectance by ͑1 2 I bg ͒. The wavelength corresponding to I b was selected as the diffraction wavelength ͑l b ͒. The wavelengths at I b ͞2 were identified to calculate the normalized full width at halfmaximum ͑FWHM͞l b ͒. Peak asymmetry ͑A b ͒, def ined as ͓͑l max 2 l b ͒͞FWHM 0.5͔, where l max is the wavelength at half-maximum on the longerwavelength side of the peak, was also calculated.
The diffraction peak parameters generally exhibited a weak dependence on NA that became stronger for NA . 0.3. As shown in Fig. 3(a) , the experimental value of l b essentially remained constant for NA , 0.3 and then blueshifted at higher NAs [ Fig. 3(a) , squares]. This trend agrees qualitatively with theory, both from the layered KKR [ Fig. 3(a) , circles] and from applying the same weighting scheme to Eq. (1) to predict l b [ Fig. 3(a) , triangles]. From the frequency at the center of the GL stop band [ Fig. 2(d) ], we found the normal-incidence l b from PWE to be 570 nm, very close to that determined from layered KKR [ Fig. 3(a) , circles], and within ϳ2% of the experimental value. The predicted FWHM͞l b also remained approximately constant for NA , 0.3 and displayed good qualitative agreement with the experimental results [ Fig. 3(b) ]. FWHM͞l b from PWE (0.06) matched the experimental value closely for the smallest NA of 0.017 [0.062, Fig. 3(b) ]. There was a greater discrepancy between the experimental and theoretical NA dependence for I b and A b . Although both the experimental and the theoretical values of I b decreased for NA . 0.3, only experimental I b decreased at a low NA [ Fig. 3(c), f illed squares] . The experimental peak shape was asymmetric throughout the entire NA range [ Fig. 3(d) , squares]. In contrast, the KKR-derived peaks were nearly symmetric ͑A b ϳ 0.02͒ for NA , 0.3 and became slightly more asymmetric as the NA was increased [ Fig. 3(d) , circles].
The discrepancies between the experimental and the theoretical peak parameters may be attributed to factors such as defects in the CC, drying cracks, and limitations in computational methods. Theoretical methods such as KKR and PWE generally assume a perfect CC, whereas the real sample contains point and line defects, stacking faults, and drying cracks [ Fig. 1(a) ]. Since l b corresponds to the characteristic spacing between planes of colloids, it is relatively insensitive to local disorder, leading to the quantitative agreement seen in Fig. 3(a) . We found that FWHM͞l b for several different spots on the CC were identical within experimental error, similar to other reports, 14 suggesting that local variations in packing also do not significantly affect FWHM͞l b . Although experimental and KKR-derived FWHM͞l b agree qualitatively in their dependence on NA, their values differ quantitatively [ Fig. 3(b) ]. This may suggest that the approximation in KKR of a CC as a dielectric stack with spherical scattering 17 may not capture the behavior of a CC as completely as the PWE method [ Fig. 2(d) ]. The qualitative agreement in the NA trends, however, suggests that the KKR method gives a reasonable approximation for the Bragg response of a low-photonic-strength CC.
It is well known that I b values of real CCs are universally lower than theoretical predictions, presumably as a result of disorder. 13, 14, 20 Recently, Koenderink and Vos reported that disorder in real photonic crystals causes the diffracted light to propagate in a range of angles around the direction of specular ref lection. 21 Since our illumination and collection NAs are the same, some of the light ref lected from the CC may not be collected, possibly explaining the attenuation in experimental I b at low NA [ Fig. 3(c) ]. Scattering from drying cracks may also decrease I b for the lower NA data collected with the 53 objective [ Fig. 3(c) , f illed squares], since the corresponding spot size ͑32 mm͒ was larger than the average domain size. Finally, in contrast with the nearly symmetric shape of the KKR-derived peaks for any c [ Fig. 2(a) ], the experimental spectra are asymmetric even for the lowest NA, corresponding to c max ϳ 1 ± [ Fig. 3(d) , f illed squares]. We do not yet completely understand the asymmetry and plan to investigate it further.
In summary, we have studied the experimental Bragg diffraction of a polystyrene colloidal crystal probed with a cone of light and compared it with theoretical results calculated with layered KKR and PWE methods. Good qualitative agreement was found between the experimental and the theoretical NA trends, with discrepancies attributed to defects, drying cracks, and limitations in the computational methods. The Bragg diffraction response was relatively insensitive to NA , 0.3 and can thus be directly compared with normal-incidence calculations. As a result, microspectroscopy is an attractive technique with high spatial resolution and a good signal-to-noise ratio for the characterization of CCs and other low-photonic-strength mesostructures.
